Opisthorchis viverrini infection causes inflammation and liver injury leading to periductal fibrosis. Little is known about the pathological alterations in bile canaliculi in opisthorchiasis. This study aimed to investigate bile canalicular alterations in O. viverrini-infected hamsters and to examine the chemopreventive effects of curcumin on such changes. Hamsters were infected with O. viverrini and one group of animals was fed with 1% dietary curcumin supplement. Animals were examined during the acute infection phase, days 21 and 30 post-infection (PI) and chronic infection phase (day 90 PI). Scanning electron microscopy revealed that in the infected group fed with a normal diet, bile canaliculi became slightly tortuous by 30 day PI and more tortuous at day 90 PI. Transmission electron microscopy showed a reduction in microvilli density of canaliculi starting at day 30 PI, with a marked loss of microvilli at day 90 PI. These ultrastructral changes were slightly seen at day 21 PI, which was similar to that found in infected animals fed with 1% curcumin-supplemented diet. Notably, curcumin treatment prevented the reduction of microvilli density, reduced the dilation of bile canaliculi, and decreased the tortuosity of the bile canaliculi relative to non-infected animals on a normal diet at days 30 and 90 PI. These results suggest that curcumin reduces alteration of bile canaliculi and may be a promising agent to prevent the onset of bile duct abnormalities induced by O. viverrini infection.
INTRODUCTION
Opisthorchiasis is a parasitic disease caused by the liver fluke, Opisthorchis viverrini. This medically important fluke is endemic in many tropical countries of Southeast Asia such as Laos, southern Vietnam, Cambodia, and Thailand [1] . In Thailand, it is highly prevalent in some rural areas of the northeastern region, where people like consuming the flesh of pickled, raw or poorly cooked freshwater fish such as pla-som, koi-pla, and pla-ra [2] . People are infected with O. viverrini when they consume these undercooked foods contaminated with the infective metacercariae. The excysted metacercariae then develop into juvenile flukes within the biliary tree of the liver, leading to acute and chronic cholangitis [1] . Early histological findings in the livers of infected hamsters are infiltration of inflammatory cells and bile duct epithelial hyperplasia. In cases of chronic infection, periductal fibrosis increases over time. These are the major risk factors for cholangiocarcinoma (CCA) [1, 3, 4] .
Ultrastructural investigation of the hepatocytes of O. viverrini-infected hamsters shows accumulation of intermediate filaments in the adjacent bile duct epithelial cells and in the epithelial lining of the gall bladder. It has been suggested that these findings are related to neoplastic transformation [5] . Bile canaliculi, the minute anastomosing channels formed by adjacent hepatocytes, collect bile secreted by the hepatocytes. The bile canaliculi merge and form bile ductules, which eventually become the common hepatic duct. The only report on the ultrastructure of rat bile canaliculi studied by scanning electron microscope is that of Motta and Fumagalli [6] . However, the ultrastructure of bile canaliculi in hamsters infected with O. viverrini has not yet been investigated.
Curcumin is the principal component found in a well-known herb, turmeric (Curcuma longa), which is a widely used spice and coloring agent in food. Numerous studies have shown that curcumin possesses potent antioxidant and anti-inflammatory effects [7] [8] [9] . The prophylactic effect of curcumin on drug-induced liver fibrosis has also been demonstrated [9, 10] . In hamsters infected with O. viverrini, curcumin has shown a potential for chemoprevention and treatment by suppression of inflammation-mediated DNA damage [11] and reduction of periductal fibrosis [12] . However, it remains unclear whether these chemopreventive effects can prevent the alteration of bile canaliculi, the first channel in the biliary system. The effect of curcumin on bile canaliculi alterations was investigated using scanning and transmission electron microscopy (SEM and TEM).
MATERIALS AND METHODS

Parasite preparation
The metacercariae of O. viverrini were obtained from cyprinoid fish in an endemic area, Ban Phai, Khon Kaen Province, in northeastern Thailand. O. viverrini metacercariae were identified and isolated from naturally infected fish by 0.25% pepsin-HCl digestion as described previously [12] . All selected viable O. viverrini cysts were used to infect hamsters.
Experimental animals
Sixty adult male Syrian golden hamsters (Mesocricetus auratus), 4-6 weeks old and weighing 100-150 g each, were obtained from the animal center at Khon Kaen University. All animals were housed under conventional conditions and fed water and a murine diet (CP-SWT, Thailand) ad libitum before starting the experiment. The experimental animals were randomly divided into 4 groups of 15 hamsters each. Uninfected control animals were fed either a normal diet (group 1) or a 1% curcumin-supplemented diet (group 2). O. viverrini-infected animals (50 metacercariae each by intragastric intubation) were also fed either a normal diet (group 3) or a 1% curcumin-supplemented diet (group 4). A diet supplemented with this concentration of curcumin (final concentration < 1%, approximately 65 mg/day) which has the highest prevention effect on liver injury due to O. viverrini infection. Curcumin (purity 97%, Merck-Schuchardt, Hohenbrunn, German) supplemented diet was prepared as described previously [11, 13] . Five animals from each group were sacrificed under deep anesthesia using diethyl ether on days 21, 30, and 90 post-infection (PI). This study was approved by the Animal Ethics Committee of Khon Kaen University, Khon Kaen, Thailand (AEKKU 32/2553).
Electron microscopic study
Liver tissues were taken from the peripheral area and fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer solution. All tissue were rinsed for several times in 0.1 M phosphate buffer then post fixed in 1% OsO4. Dehydration was carried out with a graded series of acetone concentrations. Samples for SEM were then critical point dried, carefully fragmented with forceps, mounted on a metal stub, coated with gold, and examined using a JSM-6460 LV scanning electron microscope (JEOL, Tokyo, Japan). For TEM, the dehydrated liver tissues were infiltrated and embedded in Epon 812 resin. Semi-thin sections (1 µm thick) were stained with 2% toluidine blue. Ultrathin sections of the selected areas were cut, picked up on copper grids, and stained sequentially with uranyl acetate and lead citrate. All specimens were photographed using a JEM-1230 transmission electron microscope (JEOL, Tokyo, Japan).
To evaluate the width of bile canaliculi, scanning electron micrographs (× 10,000) of canaliculi were taken from 5 randomly selected regions, and data analysis was performed using SMile View version 2.03. The density of microvilli in bile canaliculi was evaluated based on 5 TEM electron micrographs from each animal, using Digital Micrograph software (Gatan, Inc., Pleasanton, California, USA). The data were evaluated using a scoring system with the following criteria: grade 3+, densely packed microvilli; grade 2+, 25% reduction of microvilli density; grade 1+, 50% reduction of microvilli density; grade 0, 75% or higher reduction of microvilli density.
Statistical analysis
To compare the width of bile canalicular lumina and density of microvilli, the χ 2 tests were used. Statistical analysis was performed using SPSS version 15 (SPSS, Chicago, Illinois, USA). A P-value less than 0.05 was considered statistically significant.
RESULTS
Normal ultrastructure of the bile canaliculi of hamsters SEM examination revealed that non-infected hamsters fed with a normal diet or a 1% curcumin-supplemented diet showed similar ultrastructure of bile canaliculi on days 21, 30 and 90 PI (Fig. 1A-F) . They appeared as 3-dimensional interconnected networks of narrow tubular structures formed by the opposing surfaces of adjacent hepatocytes. Numerous microvilli projected from the wall into the lumen of the bile canaliculi throughout their entire length. In addition, several pits or small knob like indentations, and some blebs were observed on the surface of the hepatocytes. The widths of canalicular lumina in all non-infected hamsters were not significantly different on days 21, 30, and 90 PI.
Alteration of bile canalicular structure by O. viverrini infection
O. viverrini-infected hamsters fed with a normal diet exhibited a similar appearance of the ultrastructure of bile canaliculi to that found in non-infected animals by day 21 PI (Fig. 1G) . A slightly tortuous course of the bile canaliculi was observed in infected animals on day 30 PI (Fig. 1H) . The most obvious abnormal appearance of bile canaliculi was found on day 90 PI, with a tortuous course and many lateral sacculations being evident. Microvilli were few and appeared as stud-like structures protruding from the walls of the bile canaliculi (Fig. 1I) . Chemopreventive effect of curcumin When O. viverrini-infected hamsters were fed with a 1% curcumin-supplemented diet (group 4), the morphology of bile canaliculi examined on days 21, 30, and 90 PI showed long, closely packed microvilli (Fig. 1J-L) , very similar to those seen in control group animals. The lumina of bile canaliculi were relatively dilated at 90 days PI in O. viverrini-infected hamsters, but not so significantly compared with the other treatment groups (Table 1) .
TEM observations
The TEM results for bile canaliculi in all experimental animal groups closely corresponded with the results of SEM. Both non-infected groups fed with a normal or a 1% curcumin-supplemented diet showed similar density of microvilli in bile canaliculi throughout the period examined ( Fig. 2A-F) . Opisthorchis viverrini-infected hamsters fed with a normal diet showed normal density of microvilli in the bile canalicular lumen only on days 21 and 30 PI (Table 1; Fig. 2G, H) , whereas the density of microvilli in the bile canalicular lumen markedly decreased on day 90 PI (Table 1; Fig. 2I) . O. viverrini-infected hamsters fed with a 1% curcumin-supplemented diet exhibited a normal density of microvilli in the bile canalicular lumen at all time periods of the study (Fig. 2J-L) .
DISCUSSION
Previous studies of chronic opisthorchiasis and its associated pathological changes such as periductal fibrosis have focused on the bile ductules [14] . However, little is known about the pathological alterations in bile canaliculi in the early phase of opisthorchiasis. We found that bile canaliculi were slightly changed by day 30 during acute infection, and there was a marked decrease in numbers of bile canalicular microvilli in the chronic stage of infection (day 90 PI). The similar finding of dilated bile canaliculi with a few short microvilli were often observed in cirrhotic and hyperplastic foci in rat livers [15, 16] . In addition, dilation and loss of microvilli in bile canaliculi as pathological effects caused by excessive feeding of Tower rapeseed oil were observed in liver of the piglets [17] . Moreover, abnormalities of canalicular microvilli have been reported in intrahepatic cholestasis before and after chenodeoxycholic acid therapy in patients with cholelithiasis [18] and with cystic fibrosis [19] .
The present observations corresponded to the previous report that dilation of bile ducts and thickening of periductal fibrosis in O. viverrini-infected hamsters progressed with time [12] . Our results showed the chemopreventive effect of curcumin against ultrastructural changes in bile canaliculi in O. viverrini-infected hamsters. Curcumin may have anti-inflammatory effect [8, 11] leading to prevent bile canaliculi alteration during acute infection. O. viverrini infection induces inflammation surrounding the bile duct lumen in hamsters. Accumulation of inflammation is predominantly seen on days 21 and 30 PI and decreases thereafter on day 90 PI [20] . During the acute phase on days 21 and 30 PI, increased oxidative/nitrative stress induces inflammation-mediated liver injury [21] . Sustained damage leads to obvious bile canalicular abnormalities in the chronic phase of infection on day 90 PI (Figs. 1, 2) . Curcumin has many beneficial properties, e.g., anti-inflammation, anti-oxidant, and anti-oxidative stress [7] [8] [9] . Furthermore, curcumin reduces oxidative/nitrative stress and prevents liver injury by balancing the oxidant and anti-oxidant system in O. viverrini-infected hamsters [11] . The plasma membranes of liver cells have an important role in formation of vesicles and vacuoles in the pericanalicular region [22] . Minimization of hepatocyte injury by curcumin may prevent bile canalicular abnormalities. Alternatively, the chemopreventive effect of curcumin may inhibit fibrogenesis leading to prevent bile canaliculi alteration during chronic infection. This hypothesis may be supported by the previous finding that curcumin reduces fibrosis during long-term treatment (day 90 PI) but not during acute stage treatment (days 21 and 30 PI) in hamsters infected with O. viverrini [12] . During the chronic phase, increased periductal fibrosis [14, 23] and increased worm maturation with time may cause bile duct obstruction. In this situation, bile canaliculi present striking deviations from the normal, such as dilation and distortion of bile canaliculi including loss of microvilli. Most of these morphological abnormalities closely resemble those found in cholestatic states [24] . Also, in certain circumstances, the chemical effects of the metabolic products and other substances released by the liver flukes [4] may possibly directly affect bile canalicular abnormalities. Moreover, the liv- er membrane may be exposed, not only from toxic substances secreted by parasites, but also from bile acid [25] and bile flooding [26] . Increased bile acid such as cholic acid during longterm infection leads to damage of hepatocytes [25] , which may affect the bile canaliculi including loss of density of canalicular microvilli. The apical or canalicular plasma membrane is important in secretory and reabsorptive processes of bile production [27] . Thus, ultrastructural changes of bile canaliculi may affect the mechanism of primary bile formation and defective hepatobiliary transport capacity. Because curcumin has been shown to reduce fibrosis during long-term treatment in hamsters infected with O. viverrini [12] , obstruction of the bile duct may be ameliorated. Such conditions may improve bile components and bile flow [28] by induction of bile duct proliferation [29] and dilation of bile canaliculi. Alternatively, dilation and other ultrastructural canalicular changes are perhaps due to the marked liver hypertrophy and fatty liver [30] induced by O. viverrini during chronic infection. Curcumin may stimulate bile flow [28] , because bile flow is rapidly and markedly reduced in hepatic inflammation. Therefore, reduction of inflammation induced by O. viverrini after curcumin treatment may be accompanied by improvement in morphological changes in bile canaliculi and prevention of the loss of microvilli in the bile canalicular lumen.
In conclusion, O. viverrini infection induces bile canaliculi alteration and curcumin prevents these changes in the liver of hamsters. The chemopreventive effect of curcumin may be due to anti-inflammation effect at acute infection and inhibit fibrosis at chronic infection leading to reduce bile canaliculi abnormalities. However, the molecular mechanisms underlying bile flow, bile synthesis, and bile uptake require further investigation. We suggest that curcumin is a promising agent for early prevention of bile duct abnormalities resulting from opisthorchiasis.
